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Abstract—In this work, we present a practical plant-and-play provided require substantial infrastructure and would et
wireless sensor network system for entry-exit monitoring. Our viable for most existing parking lots. The novelty of our
system is easily configurable and robust, making it feasible to be system is that it incorporates Riant-and-Play approach that

deployed in a wide range of entry-exit monitoring applications. - . L
Atpthg core of our Sys%em lies g novel MAC protocol that is eliminates the need for costly infrastructure, making itahle

self-synchronizing. Notably, our MAC protocol allows the nodes for deployment in existing as well as new parking lots.

to maintain a very low duty cycle, while also enabling quick Several challenges exist for developing such a practical
synchronization of the nodes (when needed) for a consistent plant-and-Play gate monitoring system. The main challenge
classification of.en.try or exit events. We have deplqyed.thls is designing a system that is inexpensive to deploy, easy
system for monitoring a faculty parking lot at our university d hassle-f t intain. Th ¢ hould
and integrated it with an SMS notification system to provide to operate, _an assle-iree O_ maintain. e sy; em shou
information on the availability of parking spots on demand. also be flexible and parameterizable for the requirements of
We also present the parking lot occupancy trends obtained various applications (such as entry-exit detection of pesop

through this deployment, and discuss some of the reliability issues picycles, or trucks) without compromising robustness amntf
encountered. tolerance.

I. INTRODUCTION A. Our Contributions

Wireless sensor networks (WSNs) have been adopted by sciWe address these challenges by designing, implementing,
entists and specialists for several environment/habitatitor- and deploying a plant-and-play WSN-based gate monitoring
ing and military surveillance applications [1]-[5]. We lase  system. More specifically, we list our contributions asdolé:
that, in order for the WSNs to receive a wider community 1, A parametrized/configurable gate monitoring system:
adoption, and as a result, start riding the benefits of mass We designed our system to be easily configurable, to
production and the hidden hand of the market, we need to match the requirements of the application, by adjusting
focus our attention more towards the urban applications of a set of key parameters we identified. We present an
WSNSs. extensive analysis of these key parameters and discuss

In this work, we consider entry-exit monitoring applicaitso the effects of these parameters on the accuracy and the
that are useful for many urban monitoring applicationshsuc  performance of our system.
as, counting the number of goods moved through loadin@. A self-synchronizing MAC protocol for energy effi-
docks, mining the behavior of customers shopping in thesnall  cient monitoring: We designed and implemented a novel
and monitoring the occupancy in public buildings to devise MAC protocol for our entry-exit monitoring system that
more efficient evacuation strategies. In this paper, wedocu enables each node to independently synchronize itself to

on monitoring parking lot utilization as our case study. the other nodes in singlehop with negligible overhead.
Our MAC protocol maintains a very low duty-cycle by
Parking lot monitoring application - A survey of the keeping the node radios in sleep mad®% of the time

parking facilities at our university shows that there are 36 in the absence of detections. Yet, when triggered by a
fully functional parking lots distributed over two square  detection our MAC protocol synchronizes the node radios
miles of campus with a total capacity of 9000 cars. How- quickly for a consistent classification of entry or exit
ever, there are about 30,000 faculty, staff and students on events. This low duty-cycle operation gives the nodes
campus, and at peak hours there is an observable con- in our system an estimated lifetime of 6 months while
gestion in parking lots. Commuters spend a considerable running on two AA batteries.
amount of time as well as fuel searching for empty park-3. A decentralized algorithm for entry-exit detection:
ing spots. Significant savings are possible by deploying We designed and implemented a simple decentralized
a practical WSN-based system to monitor the occupancy algorithm to compute the direction of vehicle movement
of the parking lots and providing this information to the independently at each node in the network. In order
commuters on-demand via Short Message Service (SMS). to accurately classify the events as entry or exit, the
algorithm uses the detection information received from
Although the problem of gate monitoring has been stud- the other nodes as well as the local detection information
ied before (see Section Il for previous work), the solutions as input.




4. Results from a real world deployment: We deployed
our system for monitoring of a faculty parking lot with
280 car capacity, and integrated it with an SMS notifi-
cation system to provide the users the parking availabil-
ity information on demand. We present the parking lot
occupancy trends obtained through this deployment, and
discuss some of the reliability issues encountered.

B. Ouitline

The rest of the paper is organized as follows. After
reviewing the related work in Section Il, we present our
system design in Section lll, including our design of a
self-synchronizing MAC protocol, motion detection mecha-
nism and decentralized entry-exit classification algonitie
present an analysis of the design parameters in SectiondV an :
an analysis of the energy consumption in Section V. Finallig. 1. XSM circuit board with integrated sensors and the XSiggedized

; ; ; nclosure. The red circles show the PIR sensors on the beavelhas on the
in Section Vi, we present re,SUI,t_S fr,om our faculty parking IOgnclosure (Figure courtesy EECS, UC Berkeley and CrossBaetriology)
deployment and discuss reliability issues.

Il. RELATED WORK In contrast, a major contribution of our work is the design

Most prevalent fee-based parking lots use gates at all engry_d development of low-cost and robust system that works ef-
and exit points of the parking lot. The driver of the car i iently “”?’e,r various physical and .enVIronmentaI condsi
issued a tag at the entry point and the system registers ﬁ'ﬂg has minimal infrastructure reqwrem.e.nts.

entry of the car. When the driver presents the tag again at tha" [13] the authors present a self-stabilizing MAC protocol
exit point, the system registers the exit of the car. This,waySi"d @ TDMA-based approach that relies on global time-
the overall occupancy of the parking lot is known at all timeSYnchronization at all the nodes. _ o

In [6], the authors describe a system that uses RFID-based? [14] the authors lift the global time synchronization
tags to monitor the movement of cars. requwemen_t, and describe a self-stabilizing d|str|buMC;

Some modern parking lots use devices like pressure senddi@0col using the concept of frames. However, practicalés
at each parking spot to detect the presence of a car. Furthgcial for a deployment such as energy consumption and
advances in technology [7] also enable the use of sensars {RENCY have not been addressed in the protocol.
detect the change in the magnetic field caused by the presend® contrast, our MAC protocol addresses the issues of
or movement of a car to detect whether a parking space®8€rgy consumption and communication latency while also
occupied. By collecting this information from each of thesB€ing self-stabilizing and distributed without the need
sensors at a central control unit, the availability of emp@lobal time synchronization.
parking spots can be determined at all times. Such systems
offer the ability to provide drivers with information on the
exact location of empty parking spaces in the parking lot.  Overview. We use Extreme Scale MoteX §M) from

However, these methods require considerable investm@&@rbssBow Technologies [15], which are based on M&a2
for setting up the required infrastructure and also involvglatform. The XSM motes are specifically designed for
significant operational and maintenance costs, making theigged use and are made as a complete enclosed unit sturdy
deployment in existing parking lots mostly infeasible. enough for deployment under various conditions. Ph&M's

In [8] [9] [10] [11], advanced image processing techniquesre equipped with a telescopic antenna that provides a wide
are described that are capable of detecting the occuparey oédio range (in comparison to other motes) of akiuieters.
parking lot. These features of th& SM make it a suitable choice in our

These techniques work well only under ambient light condwork. The XSMs are also one of the few available motes
tions and require complete aerial coverage of the parkihg Ithat have built in Passive Infra-Red (PIR) sensors which can
Under poor lighting condition, such as at night, the efficagyerform robust motion detection. The PIR sensors have a
of these system may significantly reduce. Further, it migit nhigh tolerance towards ambient conditions and can operate
be possible to obtain an aerial image of the complete parkiafjiciently under varying lighting conditions. Figure 1 s¥®
lot for underground or basement parking lots. the circuit of theX SM'’s.

In [12] the authors make use of WSNs to detect cars andFigure 2 shows our system setup and placement of the
provide information to a central node at a police booth whickSM nodes for entry-exit monitoring. We use a decentralized
in turn communicates with a central server using optical coralgorithm that efficiently classifies the readings generdtg
munication techniques. However, this solution also rezgiirthe PIR sensor to detect and differentiate movement of wario
significant infrastructure. objects.

Ill. SYSTEM DESIGN
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beacons already being transmitted on the channel, it adopts
the start of the first beacon on the channel as the start of the
frame and installs its beacon at an available empty slotimvith
the beacon period.

In this approach there is a possibility that there might be
beacon collisions if a few nodes are switched ON at the same
time. Hence we introduce a startup delay which is randomized

based on the node ID. Further, the protocol also includes
mechanisms to detect beacon collisions that are based on
randomly listening in the slot it is supposed to transmit its
beacon. A combination of these two techniques ensures that
beacon collisions are completely avoided.

There is no information exchange during this phase and each
node independently decides where to install its beacorceSin
all the nodes agree on the start of the frame, which is thé star
of the first beacon, synchronization can be achieved among
all the nodes in singlehop. This procedure is executed only
by the new nodes at the time of joining the network without
information exchange with existing nodes. Thus the ovathea

_Exiting Vehicle

=
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Fig. 2. Placement of XSM nodes for entry-exit monitoring
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k—75m 925 m of time synchronization is minimal and protocol scales very
t well.
Fig. 3. MAC frame structure Algorithm 1 Algorithm for Beacon Installation
1: Begin

In order to compute the direction of movement in a decen-. it Beacons already preseifiten
tralized manner, it is necessary that the nodes in the nktwor;.  Eind the first beacon slot
are synchronized. For this purpose we use a self-synclingniz ;. gynchronize local time of node with the local time of
MAC protocol that enables the nodes to independently syn-  ihe first beacon
chronize themselves with other nodes with minimal overheads.  |ystall self-beacon at an available slot
The MAC protocol also offers mechanisms for energy efficient;. g|se
communication which is needed for exchange of information,.  |nstall self-beacon at a random slot
between the nodes. 8 end if
On receiving the information from the other nodes, each
node then executes the decentralized algorithm, with tballo Whenever data is generated by the sensors it is passed on
detections and the data received from the other nodestasthe MAC module, which buffers the data until the next
input, to determine the direction of movement of the vehicl®P. While transmitting the beacon during the BP, the node
By storing and processing these entry-exit events, theentirrincludes information on when it will transmit the data dugrin
occupancy level of the parking lot is easily calculated. the DP. The node radios are awake during the entire beacon
Sections III-A, 1lI-B, 1I-C describe the self-synchromigy period so that they can listen to the beacons transmitted by
MAC Protocol, motion detection using the PIR sensors, amdher nodes. By listening to the beacons of the other nodes
the decentralized algorithm, respectively. each node can independently determine when it should wake
o up during the data period to receive information from other
A. Self-Synchronizing MAC Protocol nodes. Consequently, there is a significant power saving, as
In this section we describe a simple yet effective MAGhe radio is awake precisely when it is required to receive
protocol that allows each node to synchronize with all theept data while sleeping at all other times.
nodes in singlehop independently and with minimal overhead Implementation details. In order to enable the nodes to
The MAC protocol has a simple frame structure as showrave the same absolute value of the local system time, each
in Figure 3. The total frame duration is one second. The finrsbde also transmits its local system time in its beacon. elenc
75msec from the start of the frame is allocated for beacons aride nodes that come up after the first node can synchronize the
is called theBeacon Period (BP). The rest of the925msec is  absolute values of their system times to the first node. This
allocated for data transmissions and is calledDaga Period scheme provides an easy method for all the nodes to have
(DP). approximately the same system time in a distributed manner
When the node is switched ON it scans the channel faithout external supervision. It should be noted that theteay
existing beacons. If it does not find any existing beacom thémes of all the nodes will not be exactly the same due to
the node installs its beacon at a randomly chosen time gmapagation delays and local clock drifts, however, we have
this will be the start of the frame for the node and all thexperimentally determined in our deployment that it is gues
nodes that come up subsequently. Otherwise, if the node findsachieve a synchronization with an error of less tharsec




between any two nodes using the CC1000 radio module. (Finer
synchronization can be easily achieved by using higher data
rates and better radio modules.) Thus, in our applicatioa, t

timestamp in the message of a node can be directly used by g gl HUMAN |

the other node without any correction as they are synchedniz A
to within 5msec. This is very useful as it reduces processing 2 octrEl
overhead for each packet, in terms of offset correction, and

hence aids in reducing the overall complexity.

The packet size for the beacon is 14 bytes and as a result
the transmission duration of a beacon (inclusive of preambl o ‘ ‘ ‘ ‘
guard and other standard bits), assuming the standard ©@C100 0 10 20 30 40 50 60
transmission rate of 19.2kbps, is 7.5msec. Consequemtly, o Time (sec)

10 nodes can be supported by this MAC protocol at any giveﬁig- 4. PIR Waveform for the detection of movement of variougcts
instant of time. This constraint can be easily overcome by

adjusting the beacon period and data period, dependingeon tvay to determine if movement is occurring is to continuously
number of nodes that require to be supported by the systemonitor the gradient of the waveform.

However, we expect that it will not be necessary to use moreln our implementation, we activate the PIR sensor once
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than 4-5 nodes in any parking lot gate. every T' milliseconds and sample the readings generated by
the sensor. More specifically, if the gradient is greatentha
B. Motion Detection Using PIR Sensors particular threshold, we decide that some movement has been

detected and in order to obtain a finer resolution on the time

We use Passive Infra-Red(PIR) sensors to detect movemeghle, we increase the sampling frequency of the PIR sensors
The PIR sensors are very popular due to their low powg§ once everyt milliseconds { < 7). We continue to read
consumption, low cost and broad availability. They are th@e PIR sensors at a frequency of once evenilliseconds
central components in many motion sensors for automafitil the gradient falls below a small value, indicating ttha
lighting, security systems, and electric doors. Among th& movement is being detected. Then, we revert to sampling
many available motion detection sensors, PIRs are the mggéry T milliseconds to conserve energy. The start and end
tolerant to varying environmental situations and can deeraimes of the detections are recorded to be supplied as one of
efficiently under different lighting and weather conditon the inputs to the decentralized entry-exit detection atlyor.
Further, they are considerably more sensitive, have a sig-a|gorithm 2 formalizes these steps. Although the algorithm
nificantly larger field of sensing and are less prone to falsg very simple, the results from our field tests show that it is
detections as compared to other motion detection sensmts, Seffectively able to detect different types of vehicles, giagy

as magnetometers or acoustics based sensors. In [16], itrdn small cars to buses, at a significantly wide range of
suggested that a combination of PIRs, magnetometers, ajpgeds.

;COUS“C SENSOors can _be useq to effectively detect andf;zla_s K‘gorithm 2 Algorithm for PIR detection that is run upon
e movement of various objects. However, under practlc]%. fthe T mill d ti
deployments scenarios, the field of detection and the rate o9 0 i € second imer i )
false alarms of the magnetometers and the acoustic sensors & Cradient = abs(current reading - average of previous
very high. Thus, we choose to use only PIRs in our parking _readlng.s)
lot occupancy monitoring application. 2. if Gradient> Thresholdthen

The Kube Electronics C'172 pyroelectric sensor [17] [18] 3 Rgcord the S‘aT‘_T'me .
is at the core of the PIR subsystem. Each PIR sensor in our Disable the_T m'”'sec‘?f_‘d timer
XSM mote has a 110 degree field-of-view and is capable of" St"’?” new t_|mer oft milliseconds,
sensing motion at up to a distance 2if¢. The XSMs have + while Gradient> Thresholddo L .
four PIR sensors, mounted at 90 degree intervals, so thiat the" Collept and store samples usingnillisecond timer
fields-of-sensing overlap slightly. However, in our apation :  end while .
we need to detect movement of vehicles at the entrance to tHe Rgcord the En_d_T|me .
parking lot and this can be done by using only one of the PIRY Disable thet m|-|||.second timer
that is facing the roadway. Accordingly, the other three PIR En_able theT” millisecond timer
sensors on th& SM are turned off at all times. 12: end if

Figure 4 shows the graphical representation of the readingdt is important to note that the values @ and ¢t are
generated by the PIR sensors for movement of differeimportant design parameters for the system as the suctessfu
objects. The waveform shows that the PIR sensor readindgtection of movement at varying speeds is directly afficte
maintain a steady value of abdikl F'F' when no movement is by their values. For example, if’ is too large then a fast
detected and generate an approximately sinusoidal wamefanoving vehicle might not be detected at all andTifis too
when movement is detected. Consequently, the most efficismall then a vehicle that is moving slowly through the field
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Fig. 5. Timing of the readings for various cases

might trigger a false detection. In Section IV we develop the
mathematical analysis for the selection of these parameter

C. Decentralized Entry-Exit Detection Algorithm

In this section we present our simple decentralized algo-
rithm that is executed by each node for entry-exit detection
The algorithm takes the start and end times of the PIR O [ ootestons otomer eds
detections by the node as the local input and the start and = Detoctions Of utar Node
end times received from the other node as the received input. ——---x---//---x----
Using this information the algorithm accurately deterrsitiee
direction of movement of the vehicle through the fields of the 0
nodes, and consequently, decides whether a vehicle ergered oueriose
exited the parking lot. (c) Optimal Distance of Separation

As shown in Figure 2, the nodes are designatedager Fig. 6. Effect of the Distance of Separation of the nodes endétections
and Inner nodes depending on their proximity to the parking . ) o
lot. The node that is closer to the parking lot is designat&dtry/exit points. The nodes are placed on the opposites side

the Inner node while the other node is designated theter  Of the entrance as shown in Figure 2. _
node. An analysis of the decentralized algorithm presented in

The basic idea behind the algorithm can be explained easigction l1l-C shows that the accuracy is considerably imgdo
by a visualization of the start and end times of the detestioff the start and end times of the detections of the two nodes ar
of both the nodes on a time scale as shown in Figure 5.SgParated as shown in Figure 5. More specifically, the vehicl
the Outer node started detecting movement before theer should enter the field of the sensor that is nearer to its l&ne o
node and stopped detecting before fhewer node then then ftravel and then entgr the field of the sensor that is farthrgn fr
the algorithm decides that the direction of movement of tHis 1ane of travel. It is also necessary that it leaves thel fél
vehicle was in the direction from th@uter to theInner node, S€Nsing of the node that is nearer to its lane of travel before
and hence that the vehicle entered the parking lot. Using‘te{eaves the field of sensing of the sensor that is farther.
dual argument, if thénner node started and ended detections N order to ensure that the detection of the nodes are
before theOuter node then the algorithm decides that th@Ptimally separated, we require that the nodes and henge the
vehicle exited the parking lot. Note that the situation dieer) fi€lds of detections are separated by an optimal perpericul

here occurs only when the fields of the two sensor overlap §istance. We define this parameter as [igtance of Separa-
an optimal manner as we discuss in Section IV-A. tion (‘d’) as in Figure 2. The distance of separation governs the
region of overlap of the fields of detections of the two nodes.
IV. ANALYSIS OF DESIGN PARAMETERS We require that the fields of detections are neither comiglete
In this section we discuss the various parameters that govéisjoint as shown in Figure 6(a) nor should they be completel
the performance of the system and develop mathemati€&Erlapping as shown in Figure 6(b). The optimal sequence of
formulae for their design. We also discuss the effects afehedetections occur when the nodes are separated by an optimal
parameters on the accuracy of the decentralized algorititn ad’as shown in Figure 6(c).
provide the reader an insight on how to determine the bestSince the distance of separation is critical to the accurate
possible configuration for a given application scenario layw operation of the decentralized algorithm, we give a prooedu
of presenting suitable design parameters for some of thdgecalculate the distance of separation as follows.

scenarios. We have experimentally determined that the accuracy of the
system was highest, when the overlapping edge of the field
A. Placement Of Nodes of sensing of each node passes through the intersectiore of th

In order to achieve a generic system design, we allow gérpendicular drawn from the other node and the line of trave
the entry/exit points to the parking lot to be bidirectiomald of the vehicles on the farther lane. Without loss of gensgali
allow traffic in both directions. We also allow the cars camwe approximate the line of travel of the vehicles to be along
travel at a significantly wide range of speeds through thettee middle of each lane. By exploiting the geometry, we then



TABLE I
PARAMETERS FOR THEPARKING LOT MONITORING APPLICATION

TABLE |
DISTANCE OF SEPARATION FOR VARIOUS ANGLES AND DECK-WIDTHS
Deck Width  Angle of Sensing  Distance of Separation Speed Avg. Trax Tovg tmaz tavg
(m) (degrees) (m) Range Speed
110 4.284 (mph)  (mph) (sec) (sec) (sec) (sec)
4 90 3 5-25 15 0.127 0.213 0.0426 0.0709
70 2.1 26-40 33  0.0795 0.0967 0.0267 0.03226
o 19100 86?38 41-60 505 00532 0.06325 0.01774 0.021085
70 4.2
110 10.71 the fine resolution timer to be started and to obtain at least a
10 90 7.5 few readings. We have experimentally corroborated that thi
70 5.25 method improves the accuracy greatly.
Ideally T" should be such that the maximum distance the
vehicle can cover within the duratidfi is less than half the

Node
[] length of the field of sensing along the line of travel of the ca
It should also be noted that the length of the field of sensing
along the line of travel of the vehicle is lesser for the ndu t
is nearer to the lane of travel of the vehicle as compared to
the node that is farther away. Hence we consider the smaller

K
%, of the two distances, which is given by

)

T e T 0. D

s e e s ()] tan(3) + — meters
Perpendicular Car Approaching Thus, if the speed of the car were to beneters per second
and the time taken for the car to travel from the edge of the

from the Node
Ideal scenario for detecting movement of a car throbghfield of field of sensing to the perpendicular drawn from the sensor
is equivalent to the resolution of the timer, the valu€lbfs

the Node

Fig. 7.
the sensor
write the expression for the optimal distance of separadi®n given by
follows 0 1
T= (tan(i) x0.25 % D) x — sec (3)
v
Recall that our system also provides a fine resolution timer

0
d = tan(=) x0.75 « D meters Q)
. . whose significance is to enhance the reliability readings an

W.-(rj?ﬁ le | ShO\éVS'AthT opt|fmSaI vglues dffor different Deck improve the accuracy of the system. As per the rationale of
idths (D) and Angles of Sensing). the initial timer mentioned above and the need for at least
B. Timer Durations for the PIR Sensors n (n_z 2) detections, before t_he car eX|_ts fr_om t_he field of

sensing of a sensor, the resolution of the fine timer is caled|

We need to consider that the speeds of the vehicles passigg

through entry/exit of different parking lots may vary. Snc
the PIR readings are sampled evéfyseconds (according ;= tan(ﬁ) «0.95 % D % 1 sec
to the coarse resolution timer), the speed of the vehicles 2 nv
directly affect the number of samples obtained. A low rate The concept of the detection using two timers is also
of sampling will lead to false positives/negatives withpest depicted in Figure 7. Furthermore, Table |l gives the resmiu
to motion detection while a high rate of sampling will lead t®f the timers suitable for various speed ranges.

V. ANALYSIS OF ENERGY CONSUMPTION

(4)

unnecessary depletion of energy.
From Figure 2 it is obvious that the node that is closer to
the lane of travel of the vehicle should always start sensingin this section we present an analysis for the total energy
first, while the node that is farther away should start sensigconsumption of the nodes. The energy consumption of the
later. Figure 7 shows a car traveling from right to left. Imodes depend on two operational modes: 1. when there are
the worst case scenario it is possible that the PIR sensor wiatections and the nodes are in the ACTIVE mode, and 2.
sampled just before the vehicle entered the field of senbimig. when there are no detections and the nodes are in the IDLE
accurate detection of movement using the algorithm desdribomode. The total energy consumption for each state can be
in Section 11I-B, we require that at least one detection @& thfurther categorized into the energy consumption of Radio,
vehicle passing through the field of sensing is made befare tRI R Sensors and Processor modules. In the following, we
vehicle crosses the perpendicular drawn from the node. Thisnsider the ACTIVE and IDLE modes of these modules
is an arbitrary distance selected by us to exploit the gegmetand their corresponding energy consumption in those states
The rationale behind choosing this distance is to allow fao derive an approximate energy consumption model.



1) Idle Mode: The energy consumed by the Radio module
can be categorized as energy consumed when transmitting,
receiving, and when the radio is OFF. From the brief analysis
in Section llI-A we infer that, in a time frame of one second,
the radio module transmits the beacon7dimSec, receives a
beacon for7.5mSec and is OFF for the remaining85mSec.

The power consumption in these stateséwe W, 24mW and
3uW, respectively, resulting in a total energy consumption of
542.949.1.].

Similarly the Processor module is in the ON state for
20mSec and in the SLEEP state for the remainidgdmSec
and the power consumption in these states #relV and

Processor module i509.4uJ. The PIR component of the
nodes is in the ON state for the entire duration, and at a rate .-_F.
of 0.88mW consumed).88m.J of energy. X
Thus the total energy consumed in this modé.i&32m.J.
2) Active Mode: The detection of movement results in the

the duration for which the Radio and Processor modules are
active. A closer analysis shows that the radio module tréssm
for 22.5mSec, receives for22.5mSec and is OFF for the
remaining955mSec. Similarly, the Processor module is ON
for 80mSec and is OFF for920mSec. The PIR module
continues to remain on for the entire duration. Proceediitiy w
the energy calculations as above we can show that the total . E
energy consumed in this moded4stsm.J. -‘ wll - e s N T -~

On average, the number of detections during a period of Fig. 8. Aerial view of our parking lot deployment
24 hours was estimated to be 1500 on weekdays and 200 on
weekends, which gives the average number of detections perithe basestation to change the parameters of the deployed
day to be 1128. From the above analysis we calculate the tdl@des on the fly.
energy consumption per day as approximaigly.J. Since the  In order to make the occupancy of the parking lot infor-
average energy provided by 2 AA batteries is al#flt' J, this mation useful to the commuters, this has to be disseminated
translates into an average lifetime of approximately 6 msntto them in real time based on demand. To this end, we
for each node. Hence, the running and maintenance costgleployed a rudimentary notification system by employing the

our system are relatively low. Short Message Service (SMS). The commuter can obtain
parking lot availability data on demand by sending an email
VI. PARKING MONITORING APPLICATION (via SMS) to the notification facility. At the basestation,

we run a script that parses the received emails, and sends

a reply which results in the email being sent as an SMS
We deployed our system at a faculty parking lot with 28@ver the internet. Alternatively commuters can subscribbe t

car capacity, where the speed limit range wis— 20" miles  the notification facility by providing their mobile numbets

per hour. The parking lot had a single entry/exit point witheceive based on their indicated estimated arrival times.

the width of entrance road measured to beecters. The

two monitoring motes were mounted on PVC pipes of lengff Parameters Chosen

‘0.5’ meters to alleviate the ground-effect (reflections of cadi The parameters for our deployment were set based on the

waves from ground). Figure 8 shows an aerial picture of oussults presented in Tables | and Il. The distance of separat

deployment setup. of the motes was calculated as = 3.5m. The coarse
The basestation was deployed at a nearby building insiderasolution timer was calibrated to fire evei§0 milliseconds

office, that resides at a height ®6 meters and at a distanceand the fine resolution timer was calibrated to fire once every

of 60 meters away from the nearest node. The basestatitiv milliseconds. To avoid frequent false detections and also

consisted of a laptop and an XSM mote connected to the laptopmpensate for slowing down of the cars while entering

to act as a gateway between the laptop and the monitorithg parking lot, a decay parameter was set to stop the fine

XSM motes deployed at the parking lot. The basestation papteesolution timer. The configuration of all these parameteas

had access to the Internet, so we could remotely access dioge remotely using the JAVA GUI application we deployed

basestation to get the logged data as well as issue commaatdhe basestation.

A. Deployment Details
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C. Results from the Deployment 300

In order to verify the performance of the system and also 2501
obtain useful statistics on the occupancy of the parking lot
we deployed our system over a span of couple of weeks in
September and October 2008. We verified the accuracy of the
system by occasionally taking manual counts of the occupanc
of the parking lot during the deployment.

Figure 9 shows a comparison of the occupancy on three
typical weekdays between 1 pm and 7 pm. We can see that sor
the occupancy trends are very similar for all the days betwee ‘ ‘ ‘ ‘ ‘ ‘ ‘
1 pm and 4 pm. After 4 pm there is a notable decrease in the 6.30pm 10.30pm 2.30am 6.30am 10.30am

. Time
occupancy on Friday as compared to Monday and Wednesday.
We can also see a consistent pattern in the slight increase’
the occupancy between 3 pm and 4 pm as the faculty parking
lot is open to students after 3 pm on weekdays.

Fig.10 shows the occupancy trends on a weekend. It can
be seen that before 12.00 pm the occupancy on Sunday is
higher than that on Saturday. This was due to a prayer service
congregation that is held on campus every Sunday. Aftei012.0
pm, however, the occupancy on a Sunday is lower than on a
Saturday.

Figure 11 shows the occupancy from 6.30 pm on a weekday
night to 10.30 am the next morning. We can see that more : |
than 100 cars remained parked in the parking lot during that | | ] Nornal Wescdoy (10125108 = Tue)
particular night. Further, there is a definite pattern inaléval 0 : : :

8am 9am 10am 1lam 12pm
of people to the campus as can be seen from the occupancy Time
between 6 am and 10 am. There is a spurt of arrivals betwagf 15 occupancy of the parking lot on the Election Day (8ani2pm)
6 am and 7 am and then again from 8.30 am to 10.30 am.
From 7 am to 8.30 am there is very little activity.

Figure 12 shows the occupancy trends in the morning of
the U.S. Presidential Election Day (11/04/08) and another 250
typical Tuesday (10/28/08). There is very little differenin
the occupancy pattern. 200

Figure 13 presents the trend on a night when a football
game was being played at the university stadium. The game
was scheduled to start at 7.30 pm that day and correspoggding|
we can see an increase in the occupancy up to 7.45 pm as the 50
lot was open to public and students after 3 pm that day.

Our deployment results suggest that there are definite and 0 ‘ ‘ : :
significan{D pf)i/tterns in the parl?igg lot occupancy. Although rem epm opm Timelopm tpm o tzem
have been able to obtain a relatively small data set from atg. 13. Occupancy of the parking lot on a Football Game Nighin{ to
deployments (due to administrative difficulties), in flgpuwe 12am)
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plan to deploy this system on a much larger scale to collect a
sufficiently large data set to mine patterns. [1]

D. Reliability issues (2]

In terms of network connectivity the system performed verys3]
well. An analysis of the packet error rates shows that it wa
less tharl0—5. We attribute this to the fact that the XSM radio
module operates in the 900Mhz band that is largely tolerant
to various ambient conditions, and that the telescopicrawate g,
of the XSMs improve their reliability of communication.

The PIR sensors of the nodes displayed sporadic and erratf
behavior when the ambient temperature was extremely loyy,
(in the region of—5°C). In such cases, no movement was
detected by the sensors, however, the radio transmissiatdwo €]
still work. This condition was not consistent and occurredg,
unpredictably. Sometimes, the PIR sensors would return to
their normal operation when kept at room temperature. Inesoft©!
other cases the nodes themselves stopped functioning dnd di
not respond to hardware resets. Our investigations alssesho [11]
that the culprit was memory corruption, which may also be
indirectly linked to cold weather conditions. [12]

With respect to the performance of the system in terms
of accurately detecting the number of cars there are certain
limitations that need to be addressed in future. For exampjg)
when two cars are passing through the entry/exit point at the
same time (i.e., one car is exiting the parking lot while ame jal
entering at the same time) some false detections are oloserve
A possible solution to this problem is to use a pair of nodes @t¥]
each edge of the roadway and dedicate each pair for detecti tg]
in each direction (i.e., each pair of nodes will only detect
movement in the lane that is closer to them). The nodes thign|
need to negotiate with the nodes on the other side of the rd&d
to identify and resolve these detections.

VIl. CONCLUDING REMARKS

We have developed a WSN-based gate monitoring system
and studied its application to monitoring of parking lotuirO

system has been designed to be energy efficient, robust, and

cost efficient. The design of the system incorporates featur
that allow it to be easily configured and parameterized for
wide range of monitoring applications.

The results from our parking lot deployment suggests that
there are significant patterns that emerge from the occypanc
data, that can facilitate planning for future expansionshef
parking lots and traffic management on special events. In
future work, we plan to deploy a larger scale version of our
system to monitor all the parking lots at our university. €th
applications of our system includes monitoring the occapan
of public buildings and shopping malls.
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